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HIGHLIGHTS 


►  Ag— WC/C  nanohybrids  are  synthesized  using  hydrothermal  method. 

►  Ag-WC/C  nanohybrids  show  high-activity  toward  pH-neutral  ORR. 

►  Ag-WC/C  nanohybrids  improve  the  sustainability  of  MFC. 
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Microbial  fuel  cell  (MFC)  is  able  to  produce  electricity  from  organic  compounds  upon  anodic  elec- 
trochemically  active  microorganisms  (negative  electrode)  and  cathodic  oxygen  reduction  reaction 
(ORR,  positive  electrode).  The  diminution  in  ORR  activity  associated  with  the  pH-neutral  electrolyte 
degrades  the  cathode  performance  of  MFC.  To  optimize  the  thermodynamic  process  of  ORR  involving 
dissociative  chemisorptions  of  molecular  oxygen  onto  metal  surface  and  subsequent  electro¬ 
reduction  of  oxides,  we  synthesize  the  carbon-supported  nanometer  silver/tungsten  carbide  hybrid 
(Ag-WC/C)  using  hydrothermal  method  and  evaluate  its  electrochemical  activity  in  pH-neutral 
phosphate  buffer  solution.  Both  the  powder  X-ray  diffraction  analysis  and  transmission  electron 
microscopy  observation  suggest  the  formation  of  nanocrystalline  structure  of  Ag  (homogeneous 
particles  of  average  14  nm)  and  WC  crystals  that  were  uniformly  dispersed  on  amorphous  carbon 
support.  Based  on  electrochemical  measurements,  the  Ag— WC/C  nanohybrids  achieve  catalysis  of 
four-electron  ORR  with  efficiency  being  comparable  to  commercial  Pt/C  catalyst.  The  promoted  ORR 
activity  should  originate  from  the  synergistic  effect  between  WC  and  Ag  nanoparticles.  The 
inexpensive  Ag— WC/C  catalyst  can  produce  a  comparable  magnitude  of  power  density  to  commercial 
Pt/C  catalyst  in  MFC.  This  study  gives  a  demonstration  of  platinum-free  high-efficiency  and 
cost-effective  ORR  electrocatalyst  for  more  sustainable  electricity  generation  from  biomass  materials 
in  MFC. 

Crown  Copyright  ©  2012  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  growing  crisis  in  energy  conservation  and  environmental 
pollution,  a  particular  emphasis  has  been  placed  on  sustainable 
conversion  of  environment-friendly  feedstock  to  valuable  matters 
and  energy.  Fuel  cells  technology  provides  a  sustainable  strategic 
manner  for  energy  conversion  with  high-efficiency  and  cleanliness, 
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but  it  has  to  rely  on  simple  small-molecular  high  energy-containing 
fuels  such  as  hydrogen,  methanol,  formate  and  ethanol  [1],  The 
high-purity  fuel-processing  process  not  only  increases  the 
complexity  and  operational  cost,  but  also  decreases  the  overall 
efficiency  of  the  system  [2],  To  further  decrease  the  loss  of 
conversion  efficiency  and  emission  of  greenhouse  gas,  it  is  highly 
expected  to  develop  a  fuel  cell  that  is  capable  of  directly  utilizing 
complex  organic  substances  (e.g.  biomass)  without  any  additional 
processing.  Microbial  fuel  cell  (MFC)  represents  a  promising  new 
fuel  cell  fashion  to  produce  electricity  from  a  diversity  of  organic 
substrates  (e.g.  sugar,  fatty  acids,  proteins,  and  even  complex 
wastewater  [3])  through  direct  oxidation  by  electrochemical  active 
microorganisms  under  ambient  conditions.  Unlike  chemical  fuel 
cell  where  strong  acid  or  alkaline  is  used  as  electrolyte,  microbial 
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proliferation  requires  the  electrodes  to  be  immersed  in  pH-neutral 
solution,  which  leads  to  kinetic  sluggishness  of  cathodic  oxygen 
reduction  and  large  overpotential  [4], 

Electrochemical  reduction  of  dioxygen  on  solid  electrode  is 
a  complex  heterogeneous  catalytic  reaction  involving  multiple  steps 
and  several  intermediate  species.  Depending  on  electrocatalyst  and 
electrolyte  used,  the  oxygen  reduction  reaction  (ORR)  generally 
takes  place  through  two-electron  or  four-electron  pathway,  which  is 
characterized  by  the  reduced  product  of  hydrogen  peroxide  (H2O2) 
or  water  (H2O).  For  the  former  case,  H2O2  can  be  further  electro- 
chemically  reduced  to  water,  giving  rise  to  overall  indirect  in-series 
four-electron  pathway  [5].  In  order  for  MFC  to  maximize  power 
density  and  energy  conversion,  four-electron  ORR  process  is  highly 
desirable.  This  makes  it  of  particular  interest  to  explore  highly  active 
electrocatalyst  toward  four-electron  ORR  under  pH-neutral  condi¬ 
tion  for  MFC.  However,  a  number  of  electrocatalysts  (e.g.  Pt  [6],  Pt 
alloy  [7],  CoTMPP  [8],  nitrogen-doped  materials  [9])  introduced 
from  conventional  chemical  fuel  cells  have  been  tested  for  high- 
efficiency  power  production  in  MFC  with  limited  satisfactory.  One 
important  reason  for  the  diminution  in  ORR  performance  should  be 
associated  with  the  increased  pH  of  catholyte  which  stems  from 
transmembrane  pH  imbalance  during  operation  as  reported  previ¬ 
ously  [10],  Despite  the  best  performance  of  platinum  catalyst 
observed  hitherto,  the  high  cost  and  scarcity  of  platinum  constitute 
the  stumbling  block  in  the  drive  for  scale-up  applications.  Therefore, 
developing  low-cost  and  high-activity  electrocatalyst  toward  pH- 
neutral  ORR  is  essential  for  sustainable  power  production  from 
biomass  in  this  bioelectrochemical  system. 

A  simplified  mode  describing  the  ORR  process  considers  the 
dissociative  chemisorptions  of  molecular  oxygen  (cleavage  of  0—0 
bond)  onto  the  metal  surface  (the  formation  of  M— O  bond),  fol¬ 
lowed  by  further  electroreduction  of  the  MO  to  water  via  accepting 
protons  and  electrons  [11  ].  As  is  illustrated  in  Table  1,  the  metals  like 
Ag,  Au,  Pd,  and  Hg  can  proceed  with  electroreaction  of  their  oxides 
at  more  positive  electrode  potential,  but  the  Gibbs  free  energy  data 
suggest  the  thermodynamic  unfavorable  initial  cleavage  of  0—0 
bond  on  these  metals  and  thus  less  stable  M— 0  bond.  On  the 
contrary,  the  metal  of  Zn,  Mn,  and  V  does  stabilize  the  M-0  bond 
more  considerably  (much  more  negative  Gibbs  free  energy),  which 
implies  that  more  negative  potential  should  be  provided  to 
accomplish  the  oxide  electroreduction.  Obviously,  too  negative 
potential  means  to  be  of  less  practical  significance  in  fuel  cell 
applications.  Based  on  this  ideology,  if  one  could  establish  a  metal 
(Mi)  that  facilitates  the  cleavage  of  0—0  bond,  in  combination  with 
the  metal  M2  that  favors  electroreduction  of  its  oxide  (M2O)  at 
relatively  positive  potential,  the  migration  of  oxygen  atoms  from  M} 
to  M2  and  thus  more  efficient  pH-neutral  ORR  process  would  be 

Table  1 

Thermodynamic  data  of  different  metals  when  interacting  with  molecular  oxygen 
during  ORR  process  [13], 

Metal  M  +  O  «  MOa  2M0  +  4H+  +  4e~  «  2M  +  2H2Ob 

Ag  iii  +1 41 

Au  113  +0.94 

Pd  -65.3  +0.49 

Hg  -58.1  +0.51 

Zn  -317.1  -0.82 

Mn  -362.5  -1.07 

V  -403.5  -1.24 

WC  — 725.6C  — 0.51d 

a  The  reactions  are  measured  by  Gibbs  free  energy  (AG,  kj  mor1)  at  the  standard 
conditions. 

b  The  reactions  are  expressed  by  redox  potentials  at  pH  =  7.0  and  298  K  (V  vs 
standard  hydrogen  electrode,  SHE)  derived  from  the  standard  potentials  under 
pH  =  1.0  and  298  IC  by  using  Nernst  equation. 
c  The  oxide  was  commonly  WO3. 
d  The  potential  of  W03  reduction  to  W. 


expected.  Although  it  seems  unlikely  that  the  oxygen  atoms 
migrate  from  one  more  stable  oxide  (MiO)  to  the  other  less  stable 
oxide  (M20)  spontaneously  in  macroscale  system,  it  would  be 
possible  to  realize  the  migration  of  oxygen  atoms  from  A-top  site  of 
Mi  to  more  stable  three-fold  site  of  M2  in  nanoscale  system  [12], 

The  silver  (Ag)  can  serve  as  available  electrocatalyst  that  is  active 
for  chemical  reduction  of  peroxide  [14]  and  ORR  [15],  particularly  in 
alkaline  condition.  Notwithstanding,  the  poor  chemisorption  of 
oxygen  molecules  onto  bulk  Ag  metal  is  usually  attributed  to  wide 
gap  between  the  d-band  and  the  Fermi  level  of  low-coordinated  Ag 
atoms,  which  accords  well  with  the  data  presented  in  Table  1.  Being 
similar  as  the  size-dependent  electrocatalytic  activity  observed  on 
Pt  [16]  and  Pd  [17],  Ag  nanoparticle  (<100  nm)  can  also  catalyze 
ORR  with  promoted  activity  and  selectivity  due  to  high-surface  area 
and  quantum  size  effect,  depending  on  the  size  of  nanoparticles 

[18] ,  More  importantly,  the  cost  of  silver  was  much  lower  than  that 
of  precious  platinum  (ca.  1:100).  Taking  into  account  of  the  nano¬ 
scale  effect,  positive-potential  electroreduction  (Table  1 )  as  well  as 
relatively  low-cost,  Ag  nanoparticles  will  be  primarily  selected  as 
the  metal  M2  in  this  study. 

On  the  other  hand,  tungsten  carbide  (WC)  has  been  widely 
studied  as  alternative  catalyst  in  fuel  cells  since  its  metal-like  (Pt) 
characteristics  was  first  discovered  by  Levy  and  Boundart  in  1973 

[19] ,  They  ascribed  the  increased  catalytic  reactivity  of  WC  over  W 
to  the  donation  of  electrons  by  carbon  to  5d-band  of  tungsten, 
giving  rise  to  a  similar  electronic  structure  as  that  of  platinum.  In 
the  next  decades,  WC  attracted  extensive  interest  as  catalyst  or 
support  material  for  a  variety  of  processes  such  as  methanol 
oxidation  [20],  nitrophenol  oxidation  [21],  hydrogen  evolution  [22] 
as  well  as  oxygen  reduction  [23].  Specifically,  WC  was  capable  of 
dissociating  0—0  bond  via  the  reaction  to  form  WO3  with  AG 
of  -725.6  kj  mol1  [24],  indicating  thermodynamic  spontaneous¬ 
ness  of  tungsten  to  stabilize  the  W-oxide.  Besides,  unlike  the  metals 
Zn  and  V  having  very  negative  reduction  potential  (Table  1),  the 
tungsten  oxide  can  be  electroreduced  at  higher  potential  condition 
(i.e.  -0.090  V  for  WO3  [25]).  These  natures  make  WC  of  particular 
suitability  as  M}  combining  with  Ag  (M2)  to  produce  nanohybrid. 
Therefore,  were  it  feasible  to  produce  nanoscale  Ag/WC  hybrid,  the 
improved  performance  of  ORR  in  MFC  would  be  expected  as  result 
of  synergistic  effect  between  Ag  and  WC. 

In  this  study,  we  synthesize  a  carbon-supported  silver/tungsten 
carbide  (Ag-WC/C)  nanohybrid  using  hydrothermal  method,  and 
evaluate  the  electrocatalytic  activity  toward  ORR  in  pH-neutral 
phosphate  buffer  solution.  Firstly,  the  nanocrystalline  structure  of 
Ag— W C/C  hybrid  was  characterized  by  X-ray  diffraction,  followed 
by  morphological  observation  and  element  identification  using 
transmission  electron  microscope  (TEM).  Secondly,  the  catalytic 
activities  and  electron-transfer  number  of  Ag-WC/C  hybrid  were 
investigated  using  electrochemical  methods  including  cyclic  vol- 
tammogram  (CV)  scan,  rotating  disk  electrode  (RDE)  measure¬ 
ments  and  electrochemistry  impedance  spectroscopy  (EIS).  Lastly, 
the  ORR  performance  was  assessed  by  measuring  power  density 
and  polarization  behavior  of  a  glucose-feeding  MFC  containing  Ag— 
WC/C-made  cathode. 

2.  Experimental  section 

2.1.  Preparation  and  characterization 

The  Ag— WC/C  nanohybrid  was  synthesized  by  using  simple 
hydrothermal  method  (HTM).  Briefly,  commercially  available  WC 
powder  (1.0  g)  was  added  to  25.0  mL  solution  containing  10.0  mL 
H2O2  (30%,  v/v)  and  5.0  mL  2-propanol.  Following  the  placement  of 
48  h,  the  carbon  powder  (Vulcan  XC72,  1.0  g)  was  added  to  the 
mixture  that  was  treated  in  ultrasonic  bath  for  30  min  for 
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dispersion.  After  drying  (12  h),  the  dry  powders  were  bubbled  with 
nitrogen  gas  to  remove  oxygen  and  then  transferred  to  80%  capacity 
of  the  total  volume  of  the  closed  Teflon™  vessel  containers  for 
reaction  at  160  °C  for  14  h.  Following  cooling  at  room  temperature, 
the  samples  were  washed  several  times  with  deionized  water  (DI 
water)  and  finally  the  WC/C  powders  were  obtained  after  drying  at 
60  °C  overnight.  The  as-prepared  WC/C  powders  were  added  to 
AgN03  solution  (WC:Ag  =  1:2,  w/w),  and  then  treated  by  HTM 
again  (160  °C;  14  h).  After  the  autoclave  was  cooled  down  to  room 
temperature  naturally,  the  finalized  products  were  centrifuged  and 
washed  (Dl  water),  followed  by  drying  in  vacuum  at  60  °C  for  12  h. 
To  identify  the  synergistic  ORR  activity  of  WC  and  Ag,  individual 
WC/C  and  Ag/C  were  also  prepared  according  to  the  procedures 
mentioned  above.  All  the  chemicals  of  analytical  grade  were  used 
without  further  purification. 

The  powder  X-ray  diffraction  (XRD)  analysis  was  conducted  on 
an  X-ray  diffractometer  (Bruke  D8  Adv.,  Germany)  equipped  with 
Cu  Ka  source  operated  at  a  power  of  40  keV  x  30  mA.  The 
diffraction  data  were  recorded  with  26  ranging  from  10°  to  90°  at 
counting  time  of  10  s  and  scanning  step  of  0.02°.  The  transmission 
electron  microscopy  (TEM)  and  high-resolution TEM  (HRTEM)  were 
performed  on  F-30ST  (Tecnai,  FEI,  US)  using  high-resolution 
imaging  and  energy-dispersive  X-ray  spectroscopy  (EDX)  oper¬ 
ated  at  accelerating  voltage  of  300  kV.  For  the  preparation  of 
samples  before  TEM  observation,  the  as-synthesized  materials 
were  sonicated  and  suspended  in  ethanol  solution  followed  by 
drop-cast  onto  carbon-coated  copper  grids,  and  then  dried  by 
solvent  evaporation  overnight  at  room  temperature.  The  determi¬ 
nation  of  the  chemical  composition  of  the  electrocatalysts  was 
taken  by  using  an  X-ray  photoelectron  spectrometer  (XPS;  PHI- 
5700  ESCA  system,  US)  equipped  with  a  hemispherical  analyzer 
and  an  aluminum  anode  (monochromatic  Al  Ka  1486.6  eV)  as 
source  (at  12—14  kV  and  10-20  mA).  The  system  was  operated 
under  retarding  model  with  a  binding  energy  of  20—980  eV.  The 
peaks  for  silver  and  tungsten  element  were  calibrated  with  refer¬ 
ence  to  Cls  (284.6  eV). 

2.2.  Electrochemical  measurements 

The  electrochemical  measurements  were  carried  out  using  dual 
working  electrode  PARSTAT  (CHI700D,  Chenhua  Co.  Ltd.,  China) 
electrochemical  system  at  room  temperature  (25  °C).  All  the 
experiments  were  conducted  in  50  mM  phosphate  buffer  solution 
(PBS;  pH7.2— 7.8)  saturated  with  gaseous  O2.  The  conventional 
three-electrode  electrochemical  cell  comprised  a  glassy-carbon 
working  electrode  (0.071  cm2),  Ag/AgCl  reference  electrode 
(+0.195  V  vs  standard  hydrogen  electrode,  3.0  M  KC1)  and  a  plat¬ 
inum  sheet  counter  electrode  (2.25  cm2).  The  cyclic  voltammetry 
(CV)  scan  was  performed  at  potential  in  the  range  of  -0.6— +0.6  V 
and  scan  rate  of  5  mV  s-1.  For  the  electrochemistry  impedance 
spectroscopy  (EIS)  analysis,  a  sine  wave  with  frequency  ranging 
from  105  to  10-2  Hz  on  the  top  of  bias  potentials  was  applied.  The 
obtained  EIS  data  were  fitted  and  simulated  to  predetermined 
equivalent  electrical  circuit  and  were  then  analyzed  using  ZSimp- 
Win  3.10  software  (Echem,  US).  The  rotating  disk  electrode  (RDE) 
measurement  was  performed  on  RRDE-3A  apparatus  (BAS  Inc., 
Japan)  by  stepwise  variation  of  rotating  speed  (w)  from  400  rpm  to 
3600  rpm.  The  Koutechy— Levich  plots  were  derived  from  RDE  data 
to  calculate  ORR  electron-transfer  number  (n)  at  different  electrode 
potentials  from  the  slope  of  fitting  line  (i-1  vs  w-1/2)  according  to 
Koutechy-Levich  equation 


k  =  nFKC  (2) 

iL  =  0.62  nFAD2/3to^6p-^6C  (3) 

where  i  is  the  measured  current  (A),  iK  the  kinetic  current  (A),  iL  the 
diffusion-limiting  current  (A),  F  the  Faraday  constant 
(96485  C  mol-1),  K  the  electron-transfer  kinetic  constant 
(mol-1  s-1),  C  the  bulk  concentration  of  O2  (2.2  x  10-7  mol  L-1),  A 
the  electrode  area  (0.071  cm2),  D  the  diffusion  constant  of  oxygen 
(1.7  x  10-5  cm2  s-1)  and  v  the  kinematic  viscosity  of  the  solution 
(0.01  cm2  s-1). 

2.3.  Microbial  fuel  cell  performance  tests 

The  dual-chambered  MFC,  which  had  an  architecture  being 
quite  similar  to  that  used  in  our  previous  studies  [6],  contained  an 
anode  (no  water-proofing  carbon  cloth,  7.0  cm2)  and  a  cathode 
(7.0  cm2)  placed  on  the  opposite  side  of  Plexiglas  tube  (28.0  mL). 
The  MFC  had  an  electrode  distance  of  4.0  cm  and  the  two  electrodes 
were  connected  with  titanium  wires  across  a  constant  resistor 
(1000  Q).  Virginal  wet-proofing-free  carbon  cloth  together  with 
a  stainless  steel  mesh-made  current  collector  was  employed  as  the 
anode  for  colonization  of  electrochemically  active  microorganisms. 
The  gas  diffusion  cathode  was  made  from  the  stainless  steel  mesh 
substrate  fabricated  by  fine  Vulcan  XC72  carbon  powder,  20  wt.% 
Teflon™  binder  layer  and  60  wt.%  Teflon™  diffusion  layer  according 
to  the  procedures  developed  by  our  group  recently  [26].  The  elec¬ 
trocatalysts  were  adhered  onto  GDE  using  Nafion™  solution  binder 
(5.0%).  The  MFCs  were  inoculated  with  activated  sludge  collected 
from  the  secondary  sedimentation  tank  of  local  wastewater  treat¬ 
ment  plant.  The  medium  solution  contained  (per  liter  of  DI  water) 
glucose  (0.5  g),  50  mM  phosphate  buffer,  NH4CI  (0.8  g),  KC1  (0.4  g) 
and  trace  elements. 

Cell  voltage  generated  during  experiments  was  recorded  every 
10  min  by  using  a  multi-channel  data  acquisition  system  (PISO-813, 
ICP-DAS,  Co.  Ltd.,  Taiwan)  connected  to  a  personal  computer  via  PCI 
interface.  Voltage  obtained  was  then  converted  to  volumetric 
power  density  (P,  W  m-3)  according  to  P  -  V2/(RExvanode),  where  V 
(V)  is  the  voltage  across  given  external  resistor  (Q)  and  vano(ie  (m3) 
the  anode  volume.  Polarization  and  power  curves  were  obtained 
via  recording  peak  stable  cell  voltage  produced  across  different 
external  resistances.  The  electrode  potentials  were  recorded  versus 
Ag/AgCl  reference. 
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Fig.  1.  XRD  patterns  of  (a)  pristine  WC,  (b)  WC/C  and  (c)  Ag-WC/C  nanohybrid. 
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Fig.  3.  HAADF-STEM  images  and  X-ray : 


ping  of  (a)  Ag-W C/C,  (b)  C,  (c)  W,  (d)  Ag  and  corresponding  (e)  EDX  spectrum  i 


!  Ag— WC/C  nanohybrid. 
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3.  Results  and  discussion 

Following  the  synthesis  of  Ag-WC/C  electrocatalysts,  the  crys¬ 
talline  structure  was  examined  using  powder  X-ray  diffraction 
(XRD).  Fig.  1  shows  the  26  of  38.18°,  44.36°,  64.50°  and  77.46°  with 
d-values  of  2.3552,  2.0403, 1.4435  and  1.2311,  in  accordance  with 
the  (111),  (200),  (220)  and  (311)  planes  for  Ag  nanoparticles.  The 
characteristic  peaks  of  both  WC  and  Ag  could  be  clearly  identified 
from  the  XRD  patterns,  indicating  the  co-existence  of  WC  and  Ag  in 
the  hybrid.  The  TEM  observation  reveals  the  microstructure  of 
faceted  nanocrystalline  Ag  (Fig.  2a  and  b)  dispersed  on  WC/C 
supports  consisting  of  well-defined  WC  crystals  and  amorphous 
carbon  (Fig.  2c  and  d).  Both  TEM  image  (Fig.  2a)  and  particle  size 
distribution  figure  (inserted  figure  in  Fig.  la)  show  that  the  discrete 
Ag  nanoparticles  had  fairly  uniform  crystal  size  in  diameter  over 
the  range  of  8—26  nm,  which  was  inline  with  the  average  crystal 
size  of  14  nm  calculated  using  Scherer  equation.  The  high-angle 
annular  dark-field  scanning  transmission  electron  microscopy 


(FIAADF-STEM,  Fig.  3)  clearly  illustrates  the  overlapping  zone  of  C 
and  W  elements  where  Ag  was  deposited  homogenously  without 
agglomeration.  The  red  region  out  of  the  overlapping  zone 
accounted  for  carbon  support  existing  in  the  gaps  surrounding  WC. 
The  chemical  distribution  seen  from  HAADF-STEM  accorded  well 
with  the  EDX  spectra  (Fig.  3e).  The  XPS  spectra  indicates  the 
incorporation  of  Ag  into  Ag— WC/C  and  the  presence  of  O  involved 
in  oxygen-containing  functional  groups  on  carbon  support  in  both 
Ag-WC/C  and  WC/C  (Fig.  4).  The  W-oxide  peaks  were  not  identified 
from  the  XPS  spectra,  implying  the  chemical  stability  of  WC  during 
hydrothermal  preparation.  All  these  results  confirmed  the  co¬ 
existence  and  combined  crystalline  structure  of  Ag  and  WC  on 
carbon  support  in  the  hybrid. 

To  evaluate  the  ORR  electrocatalytic  activity,  the  thin  films  of 
electrocatalyst  materials  (WC,  WC/C,  Ag/C  and  Ag— WC/C)  were 
immobilized  onto  glassy-carbon  electrode  for  cyclic  voltammo- 
gram  (CV)  tests  in  50  mM  phosphate  buffer  solution  (PBS)  saturated 
with  O2.  For  comparison,  commercial  Pt/C  catalyst  (10%)  was  also 
examined  under  the  same  conditions.  Within  the  electrode 
potential  varying  in  the  range  of  -0.6— 1-0.6  V  vs  Ag/AgCl,  pristine 
WC  showed  a  minimal  catalytic  activity  for  ORR  as  indicated  by 
extremely  weak  current  response.  The  oxygen  reduction  current 
was  increased  when  WC  was  loaded  onto  carbon  support  (WC/C), 
suggesting  the  importance  of  large  surface  area,  conductivity  and 
functional  groups  (Fig.  4)  on  carbon  material  [27],  As  can  be  seen 
from  Fig.  5,  the  pristine  WC  was  reported  to  be  inactive  toward  ORR 
in  H2SO4  solution  due  to  strong  oxygen  bonding  energy  on  WC  [23]. 
However,  apparent  ORR  activity  was  detected  on  WC/C  material  in 
PBS  electrolyte,  which  was  consistent  with  the  observation  of  ORR 
activity  on  WC  nanocrystal  [28]  and  nanowire  [29]  in  alkaline 
solution.  Thus,  it  should  be  possible  to  realize  ORR  on  WC  nano¬ 
crystal  resulting  from  large  surface  area  for  splitting  of  0-0  bond. 
Remarkably,  the  chemical  incorporation  of  Ag  nanoparticles  into 
WC/C  resulted  in  a  significantly  increased  cathodic  current  of 
0.033  mA,  a  value  higher  than  both  individual  WC/C  and  Ag/C,  and 
close  to  Pt/C  (0.036  mA),  indicating  the  synergistic  ORR  electro- 
catalytic  activity  of  Ag  and  WC  in  the  nanohybrid.  It  was  noticed 
that  the  positive  scan  produced  an  anodic  peak  at  potential  of  0.17  V 
and  negative  scan  gave  a  cathodic  peak  at  potential  of  -0.21  V, 
which  should  come  from  chemically  reversible  reaction  of  Ag 


Potential  /  V  vs  Ag/AgCl 


resolution  Ag3d,  Fig.  5.  Cyclic  voltammograms  (CVs)  for  ORR  on  (a)  pristine  WC,  (b)  WC/C,  (c)  Ag/C,  (d) 
Ag-WC/C  and  (e)  Pt/C  measured  in  pH-neutral  solution  at  scan  rate  of  5  mV  s_l. 


Fig.  4.  XPS  spectrum  of  Ag— WC/C  and  WC/C,  and  corresponding  high-r 
Ols,  Cls  and  W4f  spectrum. 
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nanoparticles  and  cationic  Ag+  (Ag20  or  AgOH),  in  consistence  with 
the  observation  in  recent  studies  [30].  This  process  should  not  have 
substantially  negative  impact  to  ORR  because  of  good  chemical 
reversibility  indicated  by  the  symmetric  anodic  and  cathodic  waves 
in  voltammogram  obtained  under  pH-neutral  electrolyte. 

To  examine  the  ORR  kinetics  and  electron-transfer  number  of 
the  electrocatalysts,  rotating  disk  electrode  (RDE)  tests  were  carried 
out  in  50  mM  02-saturated  PBS  through  stepwise  change  of  rotating 
rate  (100-3600  rpm),  and  the  results  were  given  in  Fig.  6a-e.  The 
linear  Koutechy— Levich  plots  derived  from  RDE  data  indicated  the 
first-order  ORR  kinetics  with  respect  to  dissolved  oxygen  concen¬ 
tration  at  different  electrode  potentials  (Fig.  SI  in  Supporting 
information).  Based  on  the  fitting  lines  of  Koutechy-Levich  plots 
(Fig.  6f),  the  overall  electron-transfer  number  (n)  was  determined 
to  be  3.86  for  ORR  on  Ag— WC/C  nanohybrid  (pH  =  7.6),  which  was 
indicative  of  mainly  four-electron  oxygen  reduction,  approaching 
that  on  Pt/C  catalyst  (n  =  3.91 ).  Notably,  the  Ag-free  WC  and  WC/C 


exhibited  much  poorer  ORR  activity  with  n  =  2.23  and  n  =  2.80, 
respectively,  suggesting  predominance  of  two-electron  oxygen 
reduction  on  WC.  The  Ag/C  catalyst  afforded  ORR  (n  =  3.1)  better 
than  WC  and  WC/C  due  to  appreciable  ORR  catalytic  activity  of 
nanometer  Ag  particles  [15],  but  worse  than  Ag— WC/C.  The  results 
obtained  from  RDE  measurements  were  in  agreement  with  that 
observed  in  CVs  scan,  confirming  the  synergistic  effect  of  Ag  and 
WC  for  improved  ORR  activity  in  pH-neutral  electrolyte.  The 
improved  ORR  performance  could  also  be  verified  by  electro¬ 
chemistry  impedance  spectroscopy  (EIS)  analysis  (Fig.  7),  which 
demonstrated  smaller  charge-transfer  resistance  (151.1  Q)  of  Ag— 
WC/C  (0.7%  greater  than  that  of  Pt/C,  146.7  O)  than  that  of  Ag/C 
(168.2  Q),  WC/C  (174.9  O)  and  WC  (235.3  Q).  The  identical  ohmic 
resistance  (15.4  Q)  for  different  catalysts  was  the  consequence  of 
the  same  PBS  electrolyte  used  during  the  experiments. 

The  oxygen  reduction  on  catalyst  has  been  known  a  structure- 
sensitive  and  size-dependent  reaction  [16-18].  The  remarkable 


Fig.  6.  Rotating  disk  voltammograms  of  (a)  WC,  (b)  WC/C,  (c)  Ag/C,  (d)  Ag-WC/C  and  (e)  Pt/C  catalysts 
different  electrocatalysts. 
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Fig.  7.  Nyquist  plots  of  impedance  spectra  of  (a)  pristine  WC,  (b)  WC/C,  (c)  Ag/C,  (d) 
Ag-WC/C  and  (e)  Pt/C  measured  in  pH-neutral  solution.  The  inserted  figure  shows 
equivalent  circuit  for  the  electrochemical  system  where  the  symbols  represent  the 
elements  of  ohmic  resistance  (Rohm),  charge-transfer  resistance  (Rc),  mass-transfer 
resistance  (RM),  double-layer  capacitance  (Cdi)  and  Warburg  impedance  (W). 

electrocatalytic  activity  of  Ag— WC/C  nanohybrid  obtained  herein 
should  be  attributed  to  the  synergistic  effect  of  C,  WC  and  Ag 
nanoparticles.  The  carbon  powder  after  hydrothermal  process  can 
establish  good  conductive  support  with  large  surface  area  and 
oxygen-containing  functional  groups,  e.g.  —COO-,  C— OH,  — C=0  as 
shown  by  the  Cls  and  Ols  peaks  of  XPS  spectrum  in  Fig.  4,  for  the 
nucleation  and  attachment  of  WC  and  Ag  nanoparticles  [31]. 
According  to  the  thermodynamic  scheme  of  heterogeneous  ORR, 
the  WC  tends  to  favor  dissociate  chemisorptions  of  0-0  bond  in 
oxygen  molecule  to  stabilize  the  oxygen  atom  in  W— O  bond  (e.g. 
WO3,  AG  of  -725.6  kj  mol-1).  Within  the  Ag— WC  nanohybrid 
system,  the  oxygen  atom  involved  in  W— O  bond  has  access  to 
migration  onto  the  three-fold  site  of  Ag  followed  by  being  elec- 
troreduced  to  accomplish  overall  ORR  process.  The  size  of  Ag 
nanoparticles  (average  14  nm  in  diameter)  obtained  here  was  much 
smaller  than  those  of  size  100  nm  [32,33]  and  20  nm  [34]  synthe¬ 
sized  previously,  which  facilitated  migration  of  oxygen  atom 
between  WC  and  Ag,  and  provided  large  surface  area  and  active  site 
for  heterogeneous  ORR  catalysis.  In  addition,  Ag(lll)  nanocrystal 
(lattice  spacing  of  2.36  A,  Fig.  2c)  had  the  most  stable  surface 
structure  for  complete  oxygen  reduction  as  a  result  of  intermediate 
oxygen  binding  energy  on  Ag(  111 )  facet.  All  these  factors  render  the 
overall  oxygen  reduction  tend  to  proceed  in  four-electron  pathway 
on  Ag-WC/C  nanohybrid.  On  the  other  hand,  WC/C  was  active  for 
the  electrocatalysis  of  two-electron  ORR  as  indicated  by  CVs  (Fig.  5) 
and  RDE  data  (Fig.  6f).  This  was  consistent  with  Zhou  et  al.  [29], 
who  reported  that  the  pristine  WC  without  high-temperature  NH3 
etching  underwent  mainly  two-electron  ORR  (n  =  2.3)  route,  which 
led  to  WC  oxidation  by  peroxide  species  in  alkaline  solution.  Here, 
owing  to  the  excellent  catalytic  activity  of  Ag,  the  absorbed 
peroxide  produced  on  WC  could  be  rapidly  reduced  or  decomposed 
to  form  water  [14,35].  This  might  also  result  in  indirect  “O2-H2O2— 
H2O”  four-electron  ORR  pathway  on  Ag-WC/C  nanohybrid. 

The  electrocatalytic  stability  of  Ag— WC/C  nanohybrid  was 
investigated  by  recording  normalized  ORR  current  versus  electrode 
potential  for  100  cycles.  Fig.  8  shows  that  the  decrease  in  normal¬ 
ized  ORR  current  of  the  Ag-WC/C  (by  21.6%)  was  only  slightly 
greater  than  that  of  Pt/C  (by  20.2%)  after  100-cycle  CV  scan,  indi¬ 
cating  similar  durability  of  both  electrocatalysts.  Several  reasons 
may  cause  activity  loss  of  the  electrocatalyst.  For  the  Pt/C,  the 
detachment  and  agglomeration  of  Pt  particles  together  with 


Ostwald  ripening  may  cause  substantial  decrease  in  electro¬ 
chemical  surface  area  (ECSA)  and  activity  [36],  These  factors  can 
also  apply  to  explain  the  activity  loss  of  Ag— WC/C  catalyst.  Another 
possible  reason  for  activity  loss  could  be  that  in  the  pH-neutral  PBS 
solution,  phosphate  (i.e.  HPO4-,  H2PO4 ,  PO4-)  may  adsorb  onto  the 
catalyst,  blocking  part  of  active  surface  area  and  changing  Gibbs 
free  energy  of  ORR  intermediate  adsorption.  This  mechanism  is 
similar  to  the  impact  of  OH-  on  the  catalytic  ORR  in  alkaline  fuel 
cell  [37],  In  particular,  the  Ag+  produced  from  oxidation  of  Ag 
nanoparticles  may  partially  combine  with  phosphate  to  form 
Ag3P04  deposition,  whereby  the  ECSA  was  reduced  on  Ag— WC/C 
hybrid.  In  addition,  the  W-oxides  (i.e.  WO2,  W03)  resulting  from 
the  0—0  bond  splitting  and  hydrolysis  of  WC  could  undergo 
aqueous  dissolution  to  form  soluble  complex  such  as  H3W60ii 
(dissolution  constant  of  1.3  x  10-7  mol  m-2  h-1)  [38],  This  might 
also  be  responsible  for  activity  diminution  of  the  Ag— WC/C  hybrid 
during  ORR. 

To  perform  further  assessment  on  the  availability  of  Ag-WC/C 
nanohybrid  for  ORR  in  pH-neutral  solution,  we  attached  the  elec¬ 
trocatalysts  (the  identical  loading  of  6.43  mg  cm-2)  onto  the  surface 
of  Teflon™-treated  gas  diffusion  electrode  (GDE),  and  applied  this 
as-prepared  GDE  to  the  air-breathing  cathode  of  dual-chamber 
PBS-containing  (50.0  mM)  microbial  fuel  cell  (MFC).  Hydrophilic 
Nafion™  ionomer  (5%)  was  used  as  binder  solution  to  improve  the 
three-phase  interfacial  contact  between  oxygen  (air),  aqueous 
electrolyte  and  electrocatalyst.  The  batch-fed  operation  gave  rise  to 
different  reproducible  cell  voltages  (constant  external  resistance  of 
1000  Q)  depending  on  the  cathodic  catalyst  used,  as  expected, 
which  followed  order  of  Pt/C  >  Ag-WC/C  >  Ag/C  >  WC/C  >  WC 
(Fig.  S2  in  Supporting  information)  during  each  reaction  cycle. 
Based  on  the  measurements  of  resistance-dependent  current 
density  and  electrode  potential  versus  Ag/AgCl,  the  polarization 
and  power  density  curves  were  obtained.  The  electrode  polariza¬ 
tion  curves  (Fig.  9a)  show  the  predominance  of  cathode  potential 
and  indifference  in  variation  of  anode  potential  with  regard  to 
electrocatalyst,  suggesting  the  power  output  of  MFC  was  primarily 
governed  by  the  cathodic  ORR  performance.  With  the  synergetic 
effects  of  WC  and  Ag,  the  Ag-WC/C  nanohybrid  exhibited  good  ORR 
activity  in  terms  of  comparable  potential  and  overpotential  to  the 
Pt/C  catalyst.  Accordingly,  the  maximum  volumetric  power  density 
of  20.62  W  m-3  using  Ag— WC/C  nearly  approached  that  of 
21.40  W  m-3  using  Pt/C  catalyst  (Fig.  9b).  These  results  clearly 
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Fig.  9.  (a)  Electrode  potential  and  (b)  cell  voltage  and  volumetric  power  density  as 
function  of  current  density  in  the  MFC  with  the  cathode  made  from  Ag-WC/C  nano¬ 
hybrid  (square  symbols)  and  Pt/C  (circle  symbols)  electrocatalyst. 

indicated  that  the  Ag— WC/C  nanohybrid  could  be  used  a  good 
alternative  to  conventional  Pt/C  catalyst  for  cost-effective  elec¬ 
tricity  production  without  losing  power  efficiency  and  stability. 

4.  Conclusions 
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In  conclusion,  based  on  thermodynamic  principle  of  oxygen 
bond  splitting  and  adsorbed  oxygen  electroreduction,  Ag  and  WC 
were  selected  to  fabricate  nanohybrid  catalyst  to  improve  the  ORR 
in  pH-neutral  electrolyte.  As  indicated  by  CVs,  RDE  and  EIS 
measurements,  the  hydrothermally  synthesized  Ag— WC/C  nano¬ 
hybrid  was  shown  highly  active  for  electrocatalysis  of  oxygen 
reduction  in  pH-neutral  electrolyte.  With  the  nanometers-scale 
synergistic  effects  of  carbon,  tungsten  carbide  and  silver  nano¬ 
particles,  the  ORR  on  Ag— WC/C  nanohybrid  could  take  place 
through  the  overall  four-electron  pathway.  By  virtue  of  consider¬ 
ably  lower  cost  of  Ag  (1 /100th  the  price  of  Pt)  and  WC  material,  the 
Ag-WC/C-cathode  MFC  could  generate  electricity  from  glucose 
substrate  much  more  economically  and  sustainably  over  Pt/C- 
cathode  MFC.  This  study  not  only  provides  a  simple  approach  to 
making  the  platinum-free  Ag— WC/C  nanohybrid  for  efficient 
electrocatalysis  of  oxygen  reduction  in  MFC,  but  also  suggests 
promising  potential  for  this  nanoelectrocatalyst  to  be  used  for  other 


pH-neutral  electrolyte  processes  such  as  hydrogen  evolution  in 
microbial  electrolysis  and  water  oxidation  in  oxygen  electrolysis 
reaction. 
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